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ABSTRACT 
 
Thanks to the successful operations of the UK TDS-1 and 
NASA CYGNSS GNSS-R missions, a wealth of Delay-
Doppler Maps (DDM) are being measured from the ocean, 
but also from land reflections. Using the land reflected 
DDM, several studies are being conducted to retrieve the 
land geophysical parameters, such as soil moisture, 
vegetation depth, and biomass. Although they have shown 
the dependence of the land geophysical parameters on the 
DDM, it is also shown that many other parameters impact 
the DDM. This work presents the impacts of some 
parameters on the DDM. For the systematical and efficient 
study, an E2E simulator is used. The simulator generates the 
synthesized DDM reflected over land varying the input 
parameters, which are the specular point position on the 
Earth, the elevation angle at the specular points, soil 
moisture, etc. From the simulation results, the relation 
between the input parameters and the DDM is individually 
analyzed, providing the clue to the retrieval algorithm of the 
geophysical parameters. 
 
Index Terms— GNSS reflectometry, DDM, simulator, 
soil moisture, vegetation 
 
1. INTRODUCTION 
 
Recently, many studies are being conducted to expand 
the GNSS-R technique for the Earth observation using the 
spaceborne measured data of the UK TDS-1 [1] and NASA 
CYGNSS [2] missions. For ocean applications, many studies 
have been reported, e.g., measuring the sea surface 
roughness, wind speed, and sea surface height [3]-[4]. Land 
applications are also explored to measure land geophysical 
parameters. From ground and airborne experiments, it has 
been reported that the GNSS-R technique is capable of 
providing the information of soil moisture, vegetation 
thickness, and biomass [5]-[10]. From spaceborne 
experiments, several studies have been conducted, and they 
have shown the feasibility of land geophysical parameter 
retrievals such as soil moisture from the spaceborne DDM 
[11]-[15].  
Although those studies have demonstrated the feasibility 
of spaceborne GNSS-R to measure some land geophysical 
parameters, and in particular soil moisture, the quality of 
estimated sensitivity is not very good due to several effects 
linked to the observation geometry and the instrument. For 
example, the elevation angles, the antenna pattern, the 
thermal noise level vary the DDM. Topography and surface 
roughness of the reflected area also affect the GNSS-R 
measurements. Therefore, further studies of all these effects 
are needed to demonstrate the feasibility of spaceborne 
GNSS-R land applications. 
This work analyzes the impacts of some parameters to 
the DDM from spaceborne GNSS-R. Using the developed 
end-to-end (E2E) simulator, DDMs are generated varying 
the input parameters, such as elevation angle, soil moisture, 
and topography of the glistening zone. The variation of the 
DDM peaks is investigated according to the parameter 
variation. 
 
2. METHODOLOGY 
 
In order to analyze the impact of each parameter 
efficiently, and independently from other parameters, a 
GNSS-R E2E simulator for land is needed. In this study, a 
generic E2E simulator is used for the spaceborne GNSS-R 
land applications, named “GARCA SIM4Land” [16]. 
The simulator has been developed and implemented 
efficiently by using the heritage of spaceborne GNSS-R 
ocean simulator “GARCA/GEROS-SIM M2” [17] as part of 
the ESA PARIS-IoD and GEROS-ISS projects. The land 
simulator uses many parts of the predecessor, e.g., the 
geometry, the DDM generation, and the instrument modules. 
The main module to be replaced is the scene generation 
module which computes the land reflection coefficients 
corresponding to the observed scene geophysical parameters. 
The computed reflection coefficients are further processed to 
generate the reflection intensities which are observed from 
the scene by the GNSS-R instrument.  
 
Using the simulator, three input parameters are tested: 1) 
the topography of the glistening zone, 2) the incidence angle 
at the specular point, and 3) the soil moisture. All other 
parameters are set to the ones in TDS-1. Topography is 
defined by the user by selecting the location of the specular 
reflection points. Once the location is chosen, i.e. longitude 
and latitude, the Digital Elevation Model (DEM) of the 
glistening zone is read from the database (e.g. ETOPO1), 
and the corresponding geophysical parameters are read from 
the database constructed in SAIRPS (Synthetic Aperture 
Interferometric Radiometer Performance Simulator) [18]. 
For the variable input of the soil moisture, it is set to be 
homogenous soil moisture around the glistening zone, in this 
study. 
 
3. RESULTS 
 
An example of the simulation results is shown in Fig. 1. The 
location of the specular point is selected on the Sahara 
Desert which is relatively flat surface; the maximum altitude 
variation is around 200 m (see Fig. 1 top-middle). The 
reflection intensity in the bottom-left of Fig. 1, means the 
signal intensity from each ground facet, which is collected by 
the receiver antenna. It is computed including the reflectivity, 
path range, and the antenna pattern as well. The received 
signals are processed producing the DDM in the bottom-
right of Fig. 1. Here, the thermal noise is not taken into 
account yet. 
    The selected DDM observable here is the peak of the 
DDM, as it is used for soil moisture retrievals. As varying 
the input parameters, the DDM peak values are recorded in 
each simulation. 
 
Fig.  2. DDM peak values according to the elevation 
angle and the soil moisture for the simulation of Sahara. 
 
Fig.  1. Example of the simulation results for Sahara: (top-left) observation geometry, (top-middle) 
altitude, (top-right) local incidence angles, (bottom-left) reflection intensity from the glistening zone, and 
(bottom-right) resultant DDM 
    The results of Sahara simulation are summarized in Fig. 2. 
The elevation angles at the specular points are varying from 
50° to 80°, and correspondingly the DDM peak values 
increase by around 2 dB. The colored markers of the lines 
stand for the results according to the soil moisture ranging 
from 0 to 0.45  in steps of 0.05  . The DDM 
peaks increase with the soil moisture, and in Fig. 2 it is larger 
by 9.5 dB in the case of SM of 0.45 as compared to the SM 
of 0. The trends of the DDM peak increasing with the 
elevation angle are quite similar regardless of the soil 
moisture value. 
 
 
Fig.  3. DDM peak values with respect to the soil 
moisture for the simulation of Sahara 
 
    The results are presented in Fig. 3 for display of the soil 
moisture trend. For all the cases of the elevation angles, the 
trends of the DDM peak are similar; increasing with the soil 
moisture. From the soil moisture of 0 to 0.45 , the 
DDM peak increase by 9.5 dB. The relation between the soil 
moisture and the DDM peak (in dB) is not linear. In dry soils 
(0 - 0.1), the DDM peaks increase with the soil moisture 
value quite rapidly, but as the soil gets wet, the slope 
decreases. 
    In Fig. 4, simulation results in the Pyrenees is presented. It 
exhibits a high altitude deviation (from 350 to 1900 m). 
Corresponding to the large changes in the elevation, the iso-
delay line is very irregular (Fig. 4, top-right panel). The 
reflection intensity is also very irregular shape, as compared 
to the flat region in Fig. 1, as each individual “facet” of the 
surface has its own orientation. Consequently, the DDM 
shape is not a regular horseshoe, and it shows some 
anomalies, e.g., the peak is not exactly the specular reflection 
position etc. 
    The simulation of the DDM peak is shown in Fig. 5 with 
respect to the soil moisture value, and the elevation angle. 
The DDM peaks increase with increasing soil moisture and 
elevation angle, as for the Sahara region in Fig. 3. The trend 
is also similar: larger slope (sensitivity) for dry soils, as 
compared to wet soils. However, the actual increase is 
different from the low altitude deviation case (flat surface). 
The deviation of the DDM peak between the elevation angles 
of 50° to 80° is 1 dB in Fig. 5, which is smaller than in Fig. 
3. The deviation about the soil moisture is also smaller (~ 9 
dB from 0 to 0.45 ) in Fig. 5 than in Fig 6 (~ 9.5 dB). 
It means that the impacts of the elevation angle and the soil 
moisture are smaller in the large altitude varying region 
compared to the low case, as topography is hiding these 
effects. 
 
Fig.  4. Example of the simulation results for the 
Pyrenees: (top-middle) altitude, (top-right) reflection 
intensity from the glistening zone, and (bottom) resultant 
DDM. 
 
Fig.  5. DDM peak values with respect to the soil the soil 
moisture for the simulation of the Pyrenees 
4. CONCLUSIONS 
 
    Several GNSS-R missions are planned to exploit this new 
opportunity for the Earth observation. The feasibility for land 
geophysical parameters is being investigated by several 
studies. These studies have shown that the measured DDM is 
affected by many parameters in a way that is difficult to 
understand. These effects degrade the performance of the 
parameter retrieval, as it is difficult to correct them. This 
work has presented the impact of the soil moisture and the 
elevation angle on the GNSS-R DDM peak observable using 
the E2E simulator.  
    The developed simulator allows to study the dependency 
of the DDMs with respect to the individual parameters such 
as the soil moisture. Many other influential parameters can 
also efficiently analyzed for their impacts on the DDM, e.g., 
the elevation angles, land cover, topography. In this study, 
the variation of DDM peak has been tested with respect to 
the elevation angle, topography, and the soil moisture.  
    The study of these impacts can be used to devise the 
tailored retrieval algorithm with error budget. 
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